Introduction
============

High-altitude environments impose severe physiological challenges on vertebrates, owing to the decrease in oxygen, pressure, and temperature relative to lowland habitats. Understanding how vertebrates cope with these harsh conditions can provide important insights into the process of adaptive evolution ([@ref-84]; [@ref-85]). Among the high-altitude-adapted vertebrates, birds in general have excellent hypoxia tolerance and can maintain the highest basal metabolic rates during hypoxia too severe for most mammals to survive ([@ref-76]; [@ref-20]; [@ref-45]), and are therefore especially compelling subjects for studies of high-altitude adaptation ([@ref-57]; [@ref-61]; [@ref-60]; [@ref-87]).

One of the most well-known high-altitude bird species is the bar-headed goose (*Anser indicus*). Bar-headed geese breed in selected wetlands on the Qinghai-Tibetan Plateau ([@ref-73]) and Mongolian Plateau ([@ref-6]), and winter in the south-central Tibetan ([@ref-10]) and India ([@ref-31]). The total worldwide populations of bar-headed geese were estimated at 97,000--118,000 individuals, with the highest numbers occurring in China (67.5--69.2%) and India (17.8--30.5%) ([@ref-41]). Bar-headed geese migrate along the central Asian flyway, and a certain proportion of individuals fly between central Asia (breeding areas) and India (wintering areas), and annually fly twice across the Himalayas (mean elevation 4,500 m) ([@ref-27]), where the partial pressure of oxygen is one-third of that at sea level ([@ref-66]). Interestingly, bar-headed geese can sustain the high metabolic rates and the high rates of oxygen consumption needed for flapping flight in severe hypoxia during their migration across the Himalayas ([@ref-77]). Therefore, this species has become renowned for an example of high-altitude adaptation.

Many studies have sought to determine the physiological, molecular and behavioral basis for the successful adaptation of bar-headed geese to high-altitude flying and living ([@ref-13]; [@ref-65]). For example, bar-headed geese have evolved multiple mechanisms that enhance the uptake, circulation and peripheral diffusion of oxygen during hypoxia, including the increased lung mass and total ventilation ([@ref-66]), hemoglobin with an increased oxygen affinity because of a single amino acid point mutation in the alpha polypeptide chain ([@ref-44]; [@ref-48]), greater capillary density in flight and cardiac muscles increasing oxygen supply ([@ref-64]), and a higher proportion of mitochondria in a subsarcolemmal location reducing oxygen diffusion distances ([@ref-70]). In addition, bar-headed geese were found to take a roller coaster strategy, rising and falling with the underlying terrain, to conserve energy during Himalayan migrations ([@ref-9]).

With the rapid evolution of genome sequencing technologies over the past decade, whole genome sequences could be obtained in a more economical and efficient way ([@ref-79]; [@ref-54]). For example, the high-quality reference genomes of the African wild dog (*Lycaon pictus*) were generated at a low cost by using the linked-read 10×  Genomics Chromium system ([@ref-4]). However, to date, there is still no genome assembly information publicly available for bar-headed geese. [@ref-52] and [@ref-53] sequenced nineteen goose genomes (including bar-headed goose) and used an exon-based phylogenomic approach (41,736 exons, representing 5,887 genes) to unravel the evolutionary history of geese group. However, the high quality of bar-headed goose genome assembly and annotation were unavailable in [@ref-52] and [@ref-53]'s work. In this study, we present the de novo whole genome sequencing and assembly of the bar-headed goose, along with gene prediction and annotation. We anticipate that these data will provide a valuable resource for future investigation of the genetic adaptation of bar-headed geese to high altitude, and particularly, for the comparative analysis of genome biology among several related birds (e.g., the pink-footed goose (*Anser brachyrhynchus*) ([@ref-58]), the swan goose (*Anser cygnoides*) ([@ref-42]) and the mallard ([@ref-28])).

Materials & Methods
===================

Ethics statement
----------------

This study conformed to the guidelines for the care and use of experimental animals established by the Ministry of Science and Technology of the People's Republic of China (Approval number: 2006-398). The research protocol was reviewed and approved by the Ethical Committee of Qinghai University.

Sampling and genome sequencing
------------------------------

A female bar-headed goose was collected in Huangzhong, Qinghai province of China, at an elevation of 3,000 m. Sampling (heart, liver, and lung) was done upon approved agreement of Xiulan Liu (20180411). The tissues were stored in liquid nitrogen and transported to the sequencing center (Novogene Bioinformatics Institute, Beijing, China). High-quality genomic DNA was extracted from the heart using the Qiagen DNA purification kit (Qiagen, Valencia, CA, USA) under the recommended protocol provided by the manufacturer. Standard 10X Genomic library was performed according to the manufacturer's instructions described in the Chromium Genome User Guide Rev A (<https://support.10xgenomics.com/de-novo-assembly/sample-prep/doc/user-guide-chromium-genome-reagent-kit-v1-chemistry>). De novo sequencing was conducted with an Illumina HiSeq X Ten platform.

Genome assembly and completeness evaluation
-------------------------------------------

After removing adapter sequences and the unqualified sequences in the raw data, we de novo assembled the bar-headed goose genome from the high-quality clean reads using Supernova (version 1.1.3) ([@ref-79]). Supernova is a software package for de novo assembly from Chromium Linked-Reads that are made from a single whole-genome library from an individual DNA source (<https://support.10xgenomics.com/de-novo-assembly/software/overview/latest/welcome>). Standard assembly statistics were generated including: the length and number of contigs and scaffolds, number of scaffolds \>2,000 bp, N50, N60, N70, N80 and N90, length of the longest contigs and scaffolds, and the total assembly length of contigs and scaffolds. The sequencing coverage and the guanine-cytosine (GC) content were also calculated.

After assembly, we evaluated the completeness of the bar-headed goose genome assembly using Core Eukaryotic Genes Mapping Approach software (CEGMA), which compared a set of 248 core eukaryotic genes to the assembled sequence ([@ref-55]). BUSCO analysis was also performed to assess the assembly quality by searching against the Benchmarking Universal Single-Copy Orthologs called BUSCOs (version 3.0) ([@ref-68]). In our study, the BUSCO dataset consisted of 2,586 single-copy orthologs genes.

Genome annotation
-----------------

First, protein-coding genes were predicted using three methods: homologous comparison, de novo prediction and RNA-seq based annotation. For the homology-based prediction, protein sequences from the other six avian species, including swan goose (*Anser cygnoides*) ([@ref-42]), ground tit (*Pseudopodoces humilis*) ([@ref-61]), red jungle fowl (*Gallus gallus*) ([@ref-29]), mallard (*Anas platyrhynchos*) ([@ref-28]), rock pigeon (*Columba livia*) ([@ref-67]) and zebra finch (*Taeniopygia guttata*) ([@ref-78]), were mapped onto the bar-headed goose genome, using TBLASTN with an *E*-value cutoff of 1e−5 ([@ref-2]). Homologous genome sequences were aligned against the matching proteins using Genewise for accurate spliced alignments ([@ref-8]). We also used five tools of Augustus ([@ref-71]), GlimmerHMM ([@ref-43]), SNAP ([@ref-35]), GeneID ([@ref-25]) and GeneScan ([@ref-12]) for de novo prediction, in which the parameters were computationally optimized by training a set of high-quality proteins that have been derived from the Program to Assemble Spliced Alignment (PASA) gene models with default parameters ([@ref-14]). RNA-seq data (manuscript in preparation) from three tissues (heart, liver, and lung) were also mapped to the bar-headed goose genome to further identify exon regions and splice positions using Tophat (-p 6 --max-intron-length 500,000 -m 2 --library-type fr-unstranded) (version 2.0.8) ([@ref-34]) and Cufflinks (-I 500,000 -p 1 --library-type fr-unstranded -L CUFF) ([@ref-75]). The final gene set was generated by merging all genes predicted by the three methods using EvidenceModeler ([@ref-26]).

Second, repetitive sequences in the bar-headed goose genome were identified using a combination of homology-based and de novo approaches. We used RepeatMasker and the associated RepeatProteinMask ([@ref-74]) for homolog-based comparison by screening the published RepBase database ([@ref-5]). We used RepeatModeler ([@ref-69]) to build a de novo repeat library. Then RepeatMasker was employed to align sequences from the bar-headed goose assembly to this *de novo* library for identifying repeat sequences. Tandem repeats, adjacent copies of a repeating pattern of nucleotides in the genomic sequences, were de novo predicted using Tandem Repeats Finder (TRF) tool ([@ref-7]).

Third, non-coding RNAs (tRNAs, rRNAs, miRNAs and snRNAs) were predicted. tRNA genes were identified using tRNAscan-SE ([@ref-62]). rRNA genes were predicted by aligning to the rRNA sequences database using BlastN at *E*-value of 1E--10 ([@ref-1]). MicroRNAs (miRNAs) and small nuclear RNAs (snRNAs) were identified by INFERNAL software ([@ref-49]) against the Rfam database ([@ref-32]) using the default settings.

Last, functional annotation of all genes was undertaken by BLASTP (evalue 1E--05). Protein domains were annotated by searching InterPro (version 32.0) ([@ref-46]) and Pfam (Version 27.0) databases ([@ref-21]), using InterProScan (Version 4.8) and Hmmer ([@ref-56]) (Version 3.1) respectively. Gene Ontology terms for each gene were obtained from the corresponding InterPro or Pfam entry. The pathways, in which the gene might be involved, were assigned by blast against the KEGG database (release 53) ([@ref-50]), with an *E*-value cutoff of 1E--05.

Comparative genome analysis
---------------------------

Gene families were identified using TreeFam ([@ref-39]) with default settings from 16 animal genomes \[bar-headed goose (*Anser indicus*), swan goose (*Anser cygnoides*) ([@ref-42]), crested ibis (*Nipponia nippon*) ([@ref-40]), mallard (*Anas platyrhynchos*) ([@ref-28]), red junglefowl (*Gallus gallus*) ([@ref-29]), turkey (*Meleagris gallopavo*) ([@ref-15]), common cuckoo (*Cuculus canorus*) (<https://www.ncbi.nlm.nih.gov/assembly/GCF_000709325.1/>), rock pigeon (*Columba livia*) ([@ref-67]), ground tit (*Pseudopodoces humilis*) ([@ref-61]), bananaquit (*Coereba flaveola*) ([@ref-3]), great tit (*Parus major*) ([@ref-60]), zebra finch (*Taeniopygia guttata*) ([@ref-78]), ruff (*Philomachus pugnax*) ([@ref-38]), peregrine falcon (*Falco peregrinus*) ([@ref-81]), yak (*Bos mutus*) ([@ref-59]) and tibetan antelope (*Pantholops hodgsonii*) ([@ref-23])\]. A total of 2,888 single-copy orthologs, shared by these 16 species, were finally identified. These single-copy orthologs were then subjected to BLAST searches against all genomes using MUSCLE software, applying the default search parameters ([@ref-18]). CAFE ([@ref-17]) was employed to detect gene families that have undergone expansion or contraction in the bar-headed goose compared with the other 15 species. The GO enrichment analysis was then applied to identify the significantly enriched biological process of the expanded or contracted gene families (*P* \< 0.01, FDR (false discovery rate) \<0.05). The above single-copy orthologs were also employed to detect genes evolving under positive selection in the bar-headed goose compared with swan goose. We used the codeml program within PAML to calculate the ratio of the non-synonymous to synonymous substitutions per gene ([@ref-80]). A likelihood ratio test was performed to identify the positively selected genes (PSGs) using FDR correction to adjust the *P*-value (cutoff: 0.05).

Data access
-----------

The sequencing data in the fastq format have been deposited in NCBI Sequence Read Archive (SRA) with accession number [SRP199943](https://www.ncbi.nlm.nih.gov/sra?term=SRP199943) and Bioproject accession [PRJNA542959](http://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA542959). The assembled draft genome has been deposited at DDBJ/ENA/GenBank under the accession [VDDG00000000](https://www.ncbi.nlm.nih.gov/nucleotide?term=VDDG00000000). The version described in this paper is version VDDG01000000. The annotation results of repeated sequences, gene structure, non-coding RNAs and functional prediction were deposited in Figshare database (<https://doi.org/10.6084/m9.figshare.8229083.v1>).

Results
=======

Genome sequencing, assembly and annotation
------------------------------------------

We sequenced the genome of a female bar-headed goose from Huangzhong, Qinghai, China using the linked-read 10×  Genomics Chromium system and the Illumina HiSeq X Ten platform. We obtained a total of 124 Gb sequencing data (∼103-fold coverage) with a read length of 150 bp and an insert size of 600 bp ([Table S1](#supp-2){ref-type="supplementary-material"}). We then used these data to de novo assemble the bar-headed goose genome using the 10×  Genomics Supernova assembler. The final total assembled genome length was 1.14 Gb with a contig N50 length of 120 Kb, and a scaffold N50 length of 10.09 Mb ([Table 1](#table-1){ref-type="table"}). The average GC content of the bar-headed goose genome was 41.87% ([Table S2](#supp-3){ref-type="supplementary-material"}). CEGMA and BUSCO analyses were performed to assess the completeness of the assembled bar-headed goose genome. Using CEGMA on our assembly, we found that 211 conserved genes (85.08%) in bar-headed goose genome were successfully assembled, when compared to the 248 evolutionarily conserved core gene sets from six eukaryotic model organisms ([Table S3](#supp-3){ref-type="supplementary-material"}). According to BUSCO analysis, 97.5% of the 2,586 conserved genes were identified in our assembled bar-headed goose genome ([Table 2](#table-2){ref-type="table"}). These results indicated that the assembly of the bar-headed goose genome showed a high level of completeness. We detected 8.9% repeat sequences in bar-headed goose genome ([Table S4](#supp-5){ref-type="supplementary-material"}), including long interspersed nuclear elements (LINEs, 6.20%), long terminal repeats (LTRs, 1.73%), and DNA transposons 0.27%. We also predicted 342 microRNAs (miRNAs), 49 rRNAs, 282 tRNAs, and 288 small nuclear RNAs (snRNAs) in the bar-headed goose genome ([Table 3](#table-3){ref-type="table"}). By combining homologous comparison, de novo prediction and RNA-seq assisted methods, we predicted 16,428 protein-coding genes in the bar-headed goose genome ([Table 4](#table-4){ref-type="table"}). The average length of genes were 25,274 bp with an average of 10 exons per gene ([Table 4](#table-4){ref-type="table"}). Of these protein-coding genes, a total of 15,790 genes (96.1%) were functionally annotated according to NCBI's Reference Sequence (RefSeq) database ([@ref-51]), Swiss-prot, KEGG and InterPro databases ([Table 5](#table-5){ref-type="table"}).

10.7717/peerj.8914/table-1

###### The de novo assembled genome of Bar-headed goose.

![](peerj-08-8914-g004)

                  Length (bp)     Numbers                  
  --------------- --------------- --------------- -------- --------
  Total           1,114,495,510   1,143,097,520   30,886   10,528
  Max             1,384,698       33,819,004      --       --
  Number ≥ 2000   --              --              22,660   5,540
  N50             120,377         10,094,206      2,510    35
  N60             91,372          8,026,496       3,576    48
  N70             65,644          5,883,601       5,019    64
  N80             44,047          3,435,270       7,086    90
  N90             23,142          1,267,474       10,506   144
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###### The BUSCO assessment results of the completeness of genome assembly.

![](peerj-08-8914-g005)

  Species            BUSCO assessment results
  ------------------ --------------------------------------------------
  Bar-headed goose   C: 97.5%, \[D: 0.4%\], F: 1.7%, M: 0.8%, n: 2586

**Notes.**

CComplete Single-Copy BUSCOsDComplete Duplicated BUSCOsFFragmented BUSCOsMMissing BUSCOsnTotal BUSCO groups searched
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###### Annotation of non-coding RNA genes.

![](peerj-08-8914-g006)

  Type    Copy        Average length (bp)   Total length (bp)   \% of genome   
  ------- ----------- --------------------- ------------------- -------------- -------
  miRNA   342         85.98                 29,406              0.003          
  tRNA    282         75.09                 21,175              0.002          
  rRNA    **rRNA**    49                    234.67              11,499         0.001
          18S         9                     426.89              3,842          0.000
          28S         33                    211.39              6,976          0.001
          5.8S        2                     156.00              312            0.000
          5S          5                     73.80               369            0.000
  snRNA   **snRNA**   288                   118.40              34,099         0.003
          CD-box      106                   86.92               9,214          0.001
          HACA-box    80                    139.41              11,153         0.001
          splicing    84                    128.12              10,762         0.001

10.7717/peerj.8914/table-4

###### Prediction of protein-coding genes.

![](peerj-08-8914-g007)

                                                                          Average length (bp)                         
  ----------------------- ------------------------- --------- ----------- --------------------- ---------- ---------- ----------
  De novo                 Augustus                  18,318    8.14        16,402.87             1,402.91   172.29     2,099.99
                          GlimmerHMM                172,168   2.90        5,695.00              474.06     163.45     2,747.47
                          SNAP                      61,271    6.31        29,996.61             809.23     128.21     5,495.13
                          Geneid                    38,214    5.48        20,392.89             1,006.18   183.58     4,326.65
                          Genscan                   43,335    7.61        19,762.90             1,294.69   170.05     2,792.52
  Homologous comparison   *Taeniopygia guttata*     26,141    5.64        13,827.51             1,049.69   186.24     2,756.00
                          *Anas platyrhynchos*      36,335    4.65        9,142.51              930.19     199.91     2,248.05
                          *Gallus gallus*           25,943    6.03        13,297.66             1,171.56   194.16     2,408.92
                          *Columba livia*           36,315    4.71        9,177.85              913.73     194.05     2,228.25
                          *Anser cygnoides*         34,171    5.14        10,493.05             1,004.18   195.43     2,292.94
                          *Pseudopodoces humilis*   15,498    9.06        21,225.26             1,648.10   181.90     2,428.77
  RNA-seq                 Cufflinks                 48,064    7.93        24,121.46             3,494.75   440.7      2,976.44
                          PASA                      65,640    6.78        15,650.31             1,168.16   172.35     2,506.53
  EVM                     24,169                    7.12      16,340.12   1,225.82              172.14     2,469.26   
  PASA-update             24,010                    7.20      17,772.08   1,249.46              173.43     2,663.08   
  Final set               16,428                    9.88      25,274.02   1,641.91              166.26     2,662.69   
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###### Functional annotation of the predicted protein-coding genes.

![](peerj-08-8914-g008)

  Database     Number   Percent (%)   
  ------------ -------- ------------- ------
  RefSeq       15,780   96.1          
  Swiss-Prot   15,287   93.1          
  KEGG         13,802   84.0          
  InterPro     All      15,106        92.0
               Pfam     13,875        84.5
               GO       11,272        68.6
  Annotated    15,790   96.1          
  Total        16,428   --            

Comparative genomic analysis
----------------------------

We identified a total of 18,914 common gene families from the 16 available vertebrates' genomes, including swan goose (*Anser cygnoides*, Acy), crested ibis (*Nipponia nippon*, Nni), mallard (*Anas platyrhynchos*, Apl), red junglefowl (*Gallus gallus*, Gga), turkey (*Meleagris gallopavo*, Mga), common cuckoo (*Cuculus canorus*, Cca), rock pigeon (*Columba livia*, Cli), ground tit (*Pseudopodoces humilis*, Phu), bananaquit (*Coereba flaveola*, Cfl), great tit (*Parus major*, Pma), zebra finch (*Taeniopygia guttata*, Tgu), ruff (*Philomachus pugnax*, Ppu), peregrine falcon (*Falco peregrinus*, Fpe), yak (*Bos mutus*, Bmu) and tibetan antelope (*Pantholops hodgsonii*, Pho), of which 2,888 represented single-copy orthologous genes ([Fig. S1](#supp-1){ref-type="supplementary-material"}). Furthermore, the number of unique or shared orthologous genes among bar-headed goose, swan goose, mallard and red junglefowl was provided by a Venn diagram ([Fig. 1](#fig-1){ref-type="fig"}). Of these four species, 361 orthologous genes were found to be unique in the bar-headed goose genome. 50% and 27.32% of these specific orthologous genes were enriched in gene ontology (GO) terms related to molecular functions and biological process, respectively. The molecular functions were involved in protein binding (GO: 0005515) and ATP binding (GO: 0005524), while the biological process was involved in signal transduction (GO: 0007165) and G-protein coupled receptor signaling pathway (GO: 0007186) ([Table S5](#supp-6){ref-type="supplementary-material"}).

![Orthologous genes in bar-headed goose and other birds.\
The number of unique or shared orthologous genes are listed in each diagram component. Ain, bar-headed goose; Acy, swan goose; Apl, mallard; Gga, red junglefowl.](peerj-08-8914-g001){#fig-1}

Expansion and contraction of gene families
------------------------------------------

Compared with the other 15 vertebrates, we identified 63 and 20 gene families that were substantially expanded and contracted in the bar-headed goose, respectively ([Fig. 2](#fig-2){ref-type="fig"}). Functional identities were presented for all significantly expanded and contracted gene families in [Tables S6](#supp-7){ref-type="supplementary-material"} and [S7](#supp-8){ref-type="supplementary-material"}, respectively. Most of the significantly expanded gene families were associated with the functional categories of adhesion, transport, hydrolase activities and binding ([Table S6](#supp-7){ref-type="supplementary-material"}). Examples of expanded gene families in the adhesion functional class included homophilic cell adhesion (GO: 0007156), cell--cell adhesion (GO: 0098609) and biological adhesion (GO: 0022610), among others. The transport functional class of expanded gene families included urea transport (GO: 0015840), one-carbon compound transport (GO: 0019755), monovalent inorganic cation transport (GO: 0015672), amide transport (GO: 0042886) and transmembrane transporter complex (GO: 1902495), among others. Specific examples of expanded gene families that belong to the hydrolase activities functional class included metalloendopeptidase activity (GO: 0004222), endopeptidase activity (GO: 0004175), phosphorylase activity (GO: 0004645) and helicase activity (GO: 0004386), among others. The binding functional class of expanded gene families included ion binding (GO: 0043167), ATP binding (GO: 0005524), protein binding (GO: 0005515), adenyl nucleotide binding (GO: 0030554) and Rho GTPase binding (GO: 0017048), among others. For gene families that were significantly contracted, the main functional categories, as indicated by GO annotations, also included adhesion, transport, hydrolase activities and binding ([Table S7](#supp-8){ref-type="supplementary-material"}). However, gene family members belonging to the specific GO terms that showed contraction differed from those that showed significant expansion.

![Gene family expansion and contraction in the bar-headed goose genome.\
The number of expanded (blue) and contracted (red) gene families are shown along branches and nodes. MRCA, most recent common ancestor; Ain, bar-headed goose; Acy, swan goose; Nni, crested ibis; Apl, mallard; Gga, red junglefowl; Mga, turkey; Cca, common cuckoo; Cli, rock pigeon; Phu, ground tit; Cfl, bananaquit; Pma, great tit; Tgu, zebra finch; Ppu, ruff; Fpe, peregrine falcon; Bmu, yak; Pho, tibetan antelope.](peerj-08-8914-g002){#fig-2}

Positive selection in bar-headed goose
--------------------------------------

Identification of genes subject to positive selection in the bar-headed goose genome is key to understand its adaptation to high-altitude environments. Compared with swan goose, a relative species living at low altitude areas, we identified 1,715 positively selected genes (PSGs) in the bar-headed goose genome using the branch-site likelihood ratio test ([Table S8](#supp-9){ref-type="supplementary-material"}). The GO annotation for these PSGs was shown in [Fig. 3](#fig-3){ref-type="fig"}. Molecular functions contained genes mainly involved in binding (711 genes, GO: 0005488) and catalytic activity (330 genes, GO: 0003824). Genes associated with cellular components were primarily cell (236 genes, GO: 0005623), cell part (236 genes, GO: 0044464), membrane (207 genes, GO: 0016020) and organelle (149 gene, GO: 0043226). Genes related to biological process were mainly involved in cellular process (453 genes, GO: 0009987), metabolic process (396 genes, GO: 0008152), single-organism process (324 genes, GO: 0044699), biological regulation (206 genes, GO: 0065007) and response to stimulus (135 genes, GO: 0050896). These different functional categories resulting from the GO annotations indicated that a substantial diversity of PSGs were present in the bar-headed goose genome.

![Functional distribution of positively selected genes (PSGs) according to the Gene Ontology (GO) database.\
The *y* axis reveals the GO functional categories, including (A) biological process, (B) cellular component, and (C) molecular function, while the number of genes in each category is plotted on the *x* axis.](peerj-08-8914-g003){#fig-3}

We found several PSGs related to the adaptation of bar-headed goose to the harsh high-altitude environment. For example, there were nine PSGs (*IFNGR2*, *CDKN1B*, *PDHA1*, *EIF4E2*, *EP300*, *IFNG*, *NPPA*, *PIK3R5* and *MAPK1*) annotated in the HIF-1 (Hypoxia-Inducible Factor-1) signaling pathway (map04066). Several PSGs associated with response to ultraviolet (UV) radiation were annotated in the cellular response to DNA damage stimulus (16 genes, GO: 0006974) and the DNA repair (15 genes, GO: 0006281). PSGs, which were annotated in the ATP binding (79 genes, GO: 0005524), GTP binding (29 genes, GO: 0005525) and endoplasmic reticulum (10 genes, GO: 0005783), were related to the energy metabolism rate under hypoxic conditions. In addition, we also found several other PSGs, which might be involved in response to high-altitude environment. *VASH2*, annotated in angiogenesis (GO: 0001525), might be a mediator in hypoxia-induced angiogenesis. *PGR* gene annotated in steroid hormone receptor activity (GO: 0003707), which might play a key role in diverse events associated with reproduction in female geese under the high-altitude condition. The positively selected *MYOG* (annotated in GO: 0007517) and *TNNT3* (annotated in GO: 0006936) might have important implications in the skeletal development. However, all these genes need to be validated by future functional experiments.

Discussion
==========

The number of bird genomes accessible has increased dramatically during the last couple of years due to the Bird 10,000 Genomes (B10K) Project (<https://b10k.genomics.cn>), which was aimed to generate representative draft genome sequences from all extant bird species ([@ref-83]). Comparative genomic analyses of 48 consistently annotated bird genomes from the first phase of the B10K project provided new perspectives on avian evolution, ecology and conservation ([@ref-30]; [@ref-82]). With the decrease in sequencing costs and improvements in genome assembly algorithms, many more bird genome sequences will be published at a striking pace ([@ref-19]; [@ref-36]). Bar-headed goose, a species occupying a wide variety of habitats on the Qinghai-Tibetan Plateau, is considered a good model for studying high-altitude adaptation in birds. Much of what is known about the mechanisms of high-altitude adaptation in bar-headed geese comes from studies that have taken physiological, biochemical, and morphological methods ([@ref-70]; [@ref-66]; [@ref-64]; *[@ref-13]; [@ref-44]*; *[@ref-65]; [@ref-48])*. An understanding of the genetic basis of this adaptation, however, has lagged behind due to the unavailability of the bar-headed goose genome. Therefore, we sequenced, assembled, and annotated a bar-headed goose genome for the first time to provide a valuable tool for future population genetics and comparative genomics studies associated with this species.

Birds have the smallest genomes among amniotes, ranging from an estimated 0.9 Gb to 2.1 Gb ([@ref-24]). In the current study, the genome size of the bar-headed goose was estimated to be 1.2 Gb and a total of 124 Gb (∼103-fold coverage) sequencing data was generated. The assembled sequence was 1.143 Gb, consisting of 10,528 scaffolds with a scaffold N50 of 10.09 Mb. In comparison with the swan goose genome ([@ref-42]) and pink-footed goose genome ([@ref-58]), our bar-headed goose genome exhibits longer contig N50 lengths and scaffold N50 lengths. The assembly was well supported by the BUSCO and CEGMA assessments. The average GC content of the bar-headed goose genome was around 41.87%, similar to that of the other birds such as Sichuan white goose (*Anser cygnoides Linn. var domestica*) ([@ref-22]) and buff-throated partridge (*Tetraophasis szechenyii*) ([@ref-86]). Repeat sequences comprised approximately 8.9% of the bar-headed goose genome, which was higher than that of the Sichuan white goose genome at 6.9%. These results were consistent with previous reports indicating that almost all avian genomes present lower levels of repeat elements (∼4 to 10% of each genome) than those of other tetrapod vertebrates (for example, 34 to 52% in mammals) ([@ref-11]; [@ref-33]). We predicted 16,428 protein-coding genes in the bar-headed goose, 96.1% of which were functionally annotated by public databases. The gene number of bar-headed goose was intermediate between the gene numbers of swan goose (16,150 genes) and pink-footed goose (26,134 genes).

Furthermore, a gene family clustering of four bird species (bar-headed goose, swan goose, mallard and red junglefowl) from the three clades within the phylogenetic tree identified 361 unique orthologous genes in the bar-headed goose genome comparing with the other three species. We then examined large-scale differences in gene families within 14 species of birds and between birds and two mammals using the genome data. In total, we determined that there were 63 expanded and 20 contracted gene families in the bar-headed goose compared with the other 15 vertebrates. The detailed evolutionary history and the function of each gene family needs further investigation. We performed a positive selection analysis between the bar-headed goose and the closely related low-altitude goose, swan goose, to uncover its genetic adaptations to the Qinghai-Tibetan Plateau. The main stressor at high altitude is hypoxia. Most responses to hypoxia are mediated by the activation of a family of transcription factors named hypoxia-inducible factors (HIFs). In hypoxic conditions, HIFs are stabilized and enter the nucleus, where they bind to the Hypoxia Response Elements (HRE) and finally induce transcription of a large number of target genes. In our study, nine PSGs were annotated in the HIF-1 (Hypoxia-Inducible Factor-1) signaling pathway. These genes may be important for the bar-headed goose to survive in the high-altitude environment. For example, elevated expression of *CDKN1B* (p27Kip1) during hypoxia could arrest cells in G~0~/G~1~ phase and may prevent the inappropriate proliferation of genetically damaged cells ([@ref-37]). Pyruvate dehydrogenase (PDH) occupies a central crossroad between glycolysis and the tricarboxylic acid cycle. It was reported that cardiac *PDHA1* (Pyruvate Dehydrogenase E1 Alpha 1 Subunit) deficiency impairs ischemic AMP-activated protein kinase signaling and sensitizes hearts to the toxicological actions of ischemic stress ([@ref-72]). *EP300* (E1A Binding Protein P300), functions as a histone acetyltransferase, was identified as a co-activator of HIF-1A, and thus plays a role in the stimulation of hypoxia-induced genes ([@ref-16]). Natriuretic peptides are a well-described family of hormones with a major role in sodium and body volume homeostasis through their actions on renal hemodynamics and tubular function ([@ref-47]). These positively selected genes in the bar-headed goose genome laid a solid foundation for understanding the specific adaptations to the high-altitude environments, in addition to other characteristics known from other high-altitude bird species ([@ref-63]; [@ref-61]). The functional role of these genes can be investigated in the future.

Conclusions
===========

In summary, this is the first report describing the sequencing, assembly, and annotation of the bar-headed goose genome and contributes to the genomic resources for studying its genome evolution and the adaptive mechanisms that confer its resistance to the harsh environments on the Qinghai-Tibetan Plateau. Functional experimental assays will be needed to validate the actual functional significance of many of the positively selected genes.
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